Electrochemical, acoustic and imaging techniques are used to characterise surface cleaning with particular emphasis on the understanding of the key phenomena relevant to surface cleaning. A range of novel techniques designed to enhance and monitor the effective cleaning of a solid/liquid interface is presented. Among the techniques presented, mass transfer of material to a sensor embedded in a surface is demonstrated to be useful in the further exploration of ultrasonic cleaning of high aspect ratio micropores. In addition the effect of micropore size on the cleaning efficacy is demonstrated. The design and performance of a new cleaning system reliant on the activation of bubbles within a free flowing stream is presented. This device utilised acoustic activation of bubbles within the stream and at a variety of substrates. Finally, a controlled bubble swarm is generated in the stream using electrolysis, and its effect on both acoustic output and cleaning performance are compared to the case when no bubbles are added. This will demonstrate the active role 1 Corresponding author, prb2@soton.ac.uk
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. performance of a new cleaning system reliant on the activation of bubbles within a free flowing stream is presented. This device utilised acoustic activation of bubbles within the stream and at a variety of substrates. Finally, a controlled bubble swarm is generated in the stream using electrolysis, and its effect on both acoustic output and cleaning performance are compared to the case when no bubbles are added. This will demonstrate the active role that the electrochemically generated bubble swarm can have in extending the spatial zone over which cleaning is achieved.
Introduction
The cleaning of a material or an interface is at the centre of many processes which are important to health or to the production of high value commodities. This cleaning process should be fast, efficient (in terms of consumables and energy) and cause the least possible damage to the substrate while removing the target contaminate from the surface in question. While there are undoubtedly many possible methods to achieve these goals, in a variety of processes ultrasonic cleaning of an interface has been found to be useful [1] [2] [3] . In this technology the interaction of sound with materials and bubbles (which generates unusual physical and chemical conditions [4] [5] [6] [7] [8] within a fluid) has led to a rich set of exploited technologies and fascinating technical challenges. At the heart of ultrasonic cleaning is the interaction between sound and gas bubbles [9, 10] . However, this interaction is complex [11] and the environments within which they occur can have intricate geometries [12] . Amongst the technological approaches used, the cleaning bath is perhaps the most wellͲknown although other systems (for example 'megasonic fields' which have been explored with electrochemical probes [13, 14] ) are noteworthy. While it is undoubtedly effective in many examples, this approach has limitations [15] which are associated with the presence of areas of the bath which are active (so called 'hot spots') and areas which are inactive ('cold spots') [16] . Areas of cleaning activity can be mapped through the use of electrochemical [17] [18] [19] [20] , imaging [21] [22] [23] and acoustic measurements [24, 25] and have, for example, been correlated with cell death [26] . However, the location of cavitation hot spots will also depend on the immersion of an object into the bath which will also perturb the system [15, 27] . Finally further limitations are encountered through the requirement for immersion of the sample within the bath. This will be limiting for any given bath. These limitations are associated with the 'bath' itself and could be avoided if this immersion approach was not employed. For example a liquid stream directed at the surface to be cleaned could be envisaged [15, 28] . Here the cleaning action of bubbles excited with a suitable ultrasonic field should be generated at the end of a fluid stream. In addition low flow rates of fluid within this approach are useful in releasing the contaminant from the surface and avoiding reͲdeposition at another location (a further possible limitation in bath geometries). The low velocity stream approach has many advantages; however, two basic criteria are necessary for this strategy to be successful. First, the sound field must be sufficient to generate bubble activity at the solid/liquid interface of the material to be cleaned. Second, a suitable bubble population must also be present. This population can then be driven by the sound field deployed and act on the contaminant at the interface in question (through suitable oscillation [29] [30] [31] and shear forces [32] for example [30, 31] ).
These two requirements are by no means trivial to create within a flowing stream [33, 34] .
However, such an approach has been adopted in an ultrasonically activated stream (UAS).
In this case the device, which has been constructed to fulfil the requirements outlined above, can operate in an aqueous environment under ambient conditions without the need to add chemical additives to the media. While this simple approach has many advantages, there may be other circumstances when the naturally occurring bubble population is limiting. Under these circumstances an approach with an introduced appropriate bubble population (or bubble swarms) may aid the cleaning of an interface. One strategy for the generation of such conditions is the use of electrochemically generated bubble swarms.
This approach is highlighted here, with the effect of the bubble population on the pressure field within the fluid stream and the cleaning of a fluorescent material from a large surface area structure reported.
Experimental
Micropores and large extended surfaces were chosen in this study for a number of reasons.
First, micropores represent an occluded geometry where conventional fluid flow is particularly ineffective. In this environment the ability of acoustically excited gas bubbles is highlighted through the rapid decontamination of the pore in question. Second, the pore is well suited for the employment of electrochemical sensing approaches which enable some degree of quantification of the process. Third, the appropriate use of transparent media for the micropore electrode substrate allows for highͲspeed visualisation to be performed simultaneously with the electrochemical experiments in efforts to investigate the mechanistic details of the cleaning process. Lastly, extended surfaces (e.g. the fluorescent loaded tiles) are also pertinent as they illustrate the effect of the bubble population on surface cleaning over a large spatial domain.
Micropores where generated using an electrochemical etching approach [35] .
Micropore experiments where performed as reported elsewhere [12] Ultrawave Ltd (F0030001). Note, the UAS concept (including the use of electrochemically generated bubbles swarms to enhance cleaning) was detailed in 2011 [28] .
Bubble swarms, generated through controlled electrolysis within the UAS structure, were produced from 100 µm diameter Pt microwires (Advent research Materials) inserted so that they bisected the flow of liquid. These wires were used to electrolyse water by applying 24 Vdc for a variety of time periods (5Ͳ30 ms) in a controlled manner with respect to the sound field (which was also operated in a pulsed mode). The timing control of both the sound field and the electrochemical bubble swarm was achieved using a microprocessor were used to assess the spatial extent of cleaning using the activated stream technology.
These ceramic tiles were loaded with several (~3) drops, spread by a gloved hand and allowed to dry for 15 minutes before use. Each tile was treated with a UAS or e 2 UAS for a period of 10Ͳ15 s. All chemicals were used as supplied.
Results and discussion
While many protocols and systems have been deployed to investigate the cleaning ability of ultrasonic fields, electrochemical technology has a number of major advantages [17, 32, 36, 37, 14] . Electrodes may be embedded into the substrate in question and in turn recessed to achieve a more complex representative substrate onto which cleaning experiments can be performed. Such an approach has been used to demonstrate the ability of ultrasound to remove an electrochemically inert matrix from a micropore structure [12] .
Offin et al. showed that bulk fluid flow was ineffective in comparison to bubble activity captured in the micropore. Here we extend this approach and explore surface cleaning in an immersed electrode/sound source arrangement. However, the dimensions of the micropores deployed are further reduced while increasing the recess depth employed. This has the effect of increasing the aspect ratio of the pore and hence enables the exploration of the ability of activated gas bubbles to remove material from these structures. their surfaces and this has been shown to generate local shear [31, 32] and convection (microstreaming) [38] [39] [40] . Such acoustically excited bubbles enter the outer layers of the inert liquid and start to remove material [12] . Hence an electrochemical current will only be observed as the tMS is removed from the system allowing compound 'A' to reach the electrode (here Pt) at the base of the pore. This approach has been extended here to explore the effect of aspect ratio on the rate at which a pore was cleaned. Figure 1(c) shows a comparison of a micropore with an aspect ratio of 2.8 to a micropore with an aspect ratio of 4 (note electrode diameter of 125 µm and 50 µm respectively). Figure 1(c) shows that the pores are cleaned relatively quickly (< 1.5 s) but that the smaller pore with the smaller aspect ratio was cleaned in a greater time (~ 1 s (ŷ) compared to ~0.4 s (ŷ) for the larger micropore). This data suggested that the cleaning ability of ultrasonically activated gas bubbles is significant and many orders of magnitude faster than that reported for flow generated by an impinging jet (see ref [12] ) on similar micropore substrates. In addition, the larger the aspect ratio employed the slower the cleaning appears to be. While these experiments are illustrative, they were performed with a micropore electrode immersed in an electrochemical cell at a defined distance from a piston like emitter source. Clearly in order to create a more versatile cleaning system an ultrasonically activated stream (or UAS) would be more desirable. Here the cleaning action would be created at the end of a low velocity stream. In addition, in the following experiments an electrochemically enhanced UAS (e 2 UAS) approach will be adopted. Here, as well as producing significant acoustic fields (through the device design [33, 34] and materials used), a bubble swarm [28] will be electrochemically generated in the system and the cleaning ability investigated on a particular fluorescent marker material. Figure 2 shows the approach adopted with particular reference to the timing of the electrochemical and acoustic stimuli applied to the system. Note this was found to be a useful approach as continuous electrochemical generation caused significant perturbation in the transmission of the acoustic signal down the stream of fluid to the substrate under investigation. In order to avoid this attenuation of the acoustic signal by the bubble swarm a pulsed approach was adopted. In addition as the electrochemical generation of the bubble swarm and the translation time were performed in the absence of acoustic stimuli, rectified diffusion [41, 42] and acoustically driven coalescence will be minimised. In this approach the generation of a dense bubble cloud was achieved through the application of a short burst of potential across two Pt microwire electrodes inserted into the UAS device followed by a delay time to allow the bubble swarm that was generated to be swept to the substrate placed downstream in the liquid flow path. When the bubbles reach the substrate the sound field was initiated for a set period of time to allow cleaning action to be accomplished. The size distribution and number of bubbles generated in the swarm will be dependent on a number of factors including the electrode design, solution conditions and current [28, 43] . HighͲspeed imaging of the e 2 UAS system also suggests that a significant bubble density (compared to the solution alone) is present within the swarm [43] . Finally a brief communications period (to allow the electrochemical current passed during the bubble generation phase of the sequence) was added at the end before the complete sequence was repeated. Typically the electrochemical generation period was 10 ms, the transit time Figure 4 shows that as the length of the electrochemical bubble generation period (t EG ) was increased, the extent of the pressure perturbation (or shielding of the hydrophone employed) was increased. For example, the pressure field reaches its maximum value after ~50 ms for a 5 ms t EG value while for t EG = 30 ms, the pressure field required ~80 ms to reach its maximum value. This reflects the longer period of the electrochemical bubble swarm generation and the longer time period required for the bubble swarm to be swept past the acoustic sensor employed. In all cases the pressure field reached essentially the same value at the end of the ultrasonic activation period indicating that once the bubble swarm has past, its effects are minimal (apart from the minor reduction in the maximum value reported in Figure 3 ). While these results show the effect of the electrochemically generated bubble swarm on the acoustic field detected by the surface under impingement by the stream, they do not demonstrate that this bubble swarm has any marked effect on surface cleaning. This will now be investigated. Figure 5 shows an experiment where the spatial extent of surface cleaning generated with the UAS device was investigated using a fluorescent material as a marker for surface cleaning. Here this marker was spread over a horizontal 10 x 10 cm ceramic tile and the UAS device directed at the edge of the tile so that the stream impinged in one location but the stream was also able to spread across the tile's surface. point. In addition these lobes may also contain further structure/banding. Finally radial streaking is seen to spread across almost the entire surface of the tile (highlighted by the dotted arrows in the lower half of figure 5 (d) ). Clearly, the e 2 UAS system has extended the cleaning action of this approach by a significant amount and it is interesting to speculate that the electrochemically generated bubble swarms remain 'active' as they move across the surface of the tile. These active bubbles (driven by the acoustic field present in all these areas over the tile's surface) presumably oscillate within the sound field present and continue to remove the fluorescent particulate material from the surface of the tile resulting in the additional cleaning seen in these side lobes and the streaking observed across a significant portion of the tiles surface. However, further experimental evidence is required before strong conclusions can be drawn with respect to the complete picture of the dynamics of the bubbles within this system and over the surface of the substrate.
Evidence related to the pressure field in this particular thin film liquid system would also be useful. However, this is by no means trivial considering the geometry of the system employed. It should also be noted that although electrochemical investigations of bubble dynamics in acoustic fields are very useful, some care in the interpretation of the data is necessary. For example mass transfer studies in cavitation environments provides a myriad of electrochemical data [36, [44] [45] [46] . However, as there are many possible contributions (for example bubbles motion, microstreaming, inertial collapse and acoustic streaming) to the current time response of the electrode (or microelectrode), attributing a particular current time transient to a specific mechanism is by no means trivial. Further complimentary experimental data or control is necessary (for example by limiting the mechanisms present or by employing multiple electrodes [36, 40, 45] or complimentary techniques including highͲ speed imaging, acoustic and luminescence etc. [11] ). Further discussion of these issues can be found elsewhere [47] .
While the cleaning effects are significant, and will undoubtedly be useful in some 
